The diurnal variation and long-term variation of the kinetic energy generation and dissipation are investigated with the wind and geopotential data observed twice a day a t 00 and 12 GMT over North America during a 5-yr. period.
INTRODUCTION
In the following report (Kung [ll] ), the kinetic energy This paper reports further results of a continuing study of the problem of the large-scale energy generation and dissipation in the atmosphere. In one of the previous reports (Kung [lo]), the kinetic energy generation, dissipation, and related energy parameters were studied in their various partitionings with 6 month's daily wind and geopotential data over North America. Of special interest in that paper was the devising of a technique to evaluate the cross-isobar flow, with which one may directly compute kinetic energy generation from observed wind and geopotential data at individual isobaric surfaces. This also suggested a feasible way of providing a broader observational basis for studying the problem of energy dissipation, since in this manner we can obtain the dissipation as the residual term to balance other energy parameters in the kinetic energy equation mithout employing speci;jic theories. generation, local change, horizontal outflow, vertical transport, and dissipation were evaluated for 20 pressure layers from the surface to 50 mb. using 11 months' daily wind and geopotential data over North America. The vertical distribution and balance of the evaluated energy parameters and also the efficiency of the dissipation in different portions of the atmosphere were studied.
The data coverage in the previous studies was limited t o North America for a relatively short period up to 11 months. The aerological data employed in the computational analysis were the rawinsondeJradiosonde observations taken once a day at 00 GMT. With the results of the study reported in the previous papers, it became highly desirable to do the energy budget study for a more extensive period, preferably with more than one observation per day. Since the dissipation is to be evaluated as the residual term in the kinetic energy equation a t this stage, the evaluation will be more reliable with the larger data sample. The year-to-year variation and the multiannual mean of the evaluated energy parameters should MONTHLY WEATHER REV1 EW be studied from a t least several years' data in studies of the large-scale atmospheric circulation. One of the big difficulties caused by confining the data coverage to a continent in the previous study was that tlie data represented only the area of the particular local times. By using data of more than one observation a day over the continent, we not only can overcome this difficulty, but also may obtain useful information about the diurnal variation. With the network observations over North America, the kinetic energy budgets were studied in this paper for the 5-yr. period from May 1958 to April 1963. Twice-a-day observations were utilized, namely those at 00 and 12 GMT. Generally the 00 GMT observations correspond to late afternoon while the 12 GMT observations correspond to the very early morning for the North American Continent. The diurnal variation, seasonal change, and yearto-year fluctuations of the kinetic energy parameters are presented and discussed first for their vertical profiles, and next for their vertically integrated total budget. An attempt is then made t o abstract the multi-annual mean total budget.
SCHEME OF COMPUTATION AND DATA
The scheme of computation is essentially the same as described in the preceding paper (Kung [ll] ). In the discussions t o follow, V is the vector of the horizontal wind, u the eastward wind component, 8 and -w a may be used instead of -V . vqj for the global or hemispherical estimation of the kinetic energy generation. Although some confusion in nomenclature exists, we shall call -V vqj the energy generation and -UT the energy conversion throughout this paper. In this study a direct estimate of -V . vqj rather than -z was made from observed wind and geopotential data. In this way we can avoid controversies in estimating w , and also can obtain the dissipation E as the residual of the energy equation (3) without further need for estimation of -v a Vqj and -bw?/bp. The evaluation of -V . vqj, which essentially depends on the ageostrophic component of the observed wind, is the key to the present series of studies; for the technique of computation, reference may be made to previous papers (Eung [ with an assumption that W=O a t the surface level.
(7)
We note that errors in estimating the wind divergence should decrease in proportion to the characteristic lengthscale of the domain of analysis; that, for our domain of analysis, ok might contribute significantly to wk; and that in the large-scale kinetic energy budget, the vertical transport term az,Jlap is small in magnitude as evidenced in various studies (e.g., Holopainen [7] , Jensen [8] , and Smagorinsky, Manabe, and Holloway [IS]). For these reasons is substituted for wk in evaluating awq/dp. To test this substitution, we note that a z / a p should vanish after integration from the surface to the top of the atmosphere, or should be negligibly small after integration from the surface to a very high level of the atmosphere. Indeed, as shown in table 4 of this paper and in the preceding paper (Kung [ ll] ), a w v a p = a;@ap, integrated from the surface to 50 mb., almost vanishes in the summer and becomes negligibly small in the winter for the balance of the energy parameters.
The twice-a-day wind and geopotential observations at 00 and 12 GMT over the North American Continent and some surrounding regions for a 5-yr. period'from May 1958 t o April 1963 were obtained from the MIT General Circulation Data Library (The National Science Foundation Grant GP 820 and GP 3657). All 5 years' data were utilized for the 00 GMT observations. However, because of a technical difficulty with the data tapes in-our possession, 3 months' data (January and September 1959, and April 1962) were not utilized for the 12 GMT observations.
The continental area of the data coverage included the continental United States, Alaska, and Canada (see Kung [lo, 111 for the location of stations). There were a total of 101 stations on or within the continental boundary, constituting a uniform and dense aerological network. An additional 18 stations located outside the continental boundary were also used to assist in the estimation of VC$ and data editing. The computation was carried out separately for 00 and 12 GMT data on a daily basis for each of the 20 pressure layers from the surface to 50 mb. The computation from the surface to 100 mb. was made for the entire 5-yr. period. However, as a result of the rather sparse data above the 100-mb. level in the earlier years, the computations for the uppermost two layers (100-70 mb. and 70-50 mb.) were done only for the latest 2-or 3-yr. period. This is to be understood throughout this paper in discussion of the 5-yr. mean values. Vr$ at the surface was computed from the geopotential height of the 1000-mb. level. Occasionally there are days with relatively few available stations, and they were eliminated during the analysis; data for the first day of each month were used only to compute aE/at for the next day. Since the number of those unavailable days is very small for each month, no special effort was made to correct for the Gffect of the unavailable days. A monthly value of an energy parameter for 00 or 12 GMT 
VERTICAL PROFILE OF ENERGY PARAMETERS
Vertical profiles of the kinetic energy generation -V VC$ based on averages from daily values during the 5-yr. period are shown separately for 00 and 12 GMT observations in figure 1 for the winter 6 months (October through March), for the summer 6 months (April through September), and for the annual mean.
As the computation of the energy generation, -V V+ essentially depends on the ageostrophic component of the observed wind, we may expect a considerable diurnal variation of -V . Vr$ when there is a significant diurnal variation of the wind. Rasmusson [14] , in his water vapor budget study over North America, recognized a highly ageostrophic character in the diurnal oscillations in the hodographs of the lower and middle troposphere, and predicted the corresponding variations in -V . V+.
As is clearly shown in figure 1, the diurnal variation of the generation term is very significant, not only in the lower and middle troposphere but notably at the jet stream level. More kinetic energy is generated in the lower troposphere and at the jet stream level at 00 GMT than at 12 GMT, and less in the middle troposphere at 00 GMT than at 12 GMT. The larger generation value at 00 GMT in the lower troposphere and at the jet stream level is especially pronounced during the summer, even changing the sign of -V v4 above the 270-mb. level. one in the lower troposphere, and one at the jet stream level, whlie -E is at its maximum in the middle troposphere. Though -G is not computed in this study, we may expect a larger value of -Z at 00 GMT than at 12 GMT in the middle troposphere. 00 GMT generally means the late afternoon, and 12 GMT the very early morning on the North American Continent. Considering the domain of analysis in this study, there is a possibility that organized large-scale variations of the vertical motion and divergence patterns resulting from the surface heating are the cause of the significant diurnal variation of the -V a v+ profile. Some observational studies seem to support this point. Curtis and Panofsky [2] carefully studied the mean large-scale vertical motion over the midwestern United States for a 10-day period in July, and indicated a significant diurnal variation. The corresponding vertical profiles of the dissipation term for the 5-yr. period are also shown separately for 00 and 12 GMT observations in figure 2. The dissipation E i s significantly larger in the lower troposphere and at the jet stream level at 00 GMT than a t 12 GMT. This diurnal variation is also most pronounced in the summer. In regard to the negative dissipation value a t 12 GMT from 00 and 12 GMT observations for the winter, summer, and multi-annual mean. The vertical profiles confirm the previous study (Kung [ll] ) with 00 GMT observations for 11 months: the generation and dissipation are at a maximum in the planetary boundary layer, they decrease gradually t o a minimum in the middle troposphere, increase again t o the second maximum at the jet stream 6 level, and then decrease again farther upward. The general shapes of the vertical profiles of the generation and dissipation predicted in the numerical experiment by Smagorinsky, Manabe, and Holloway [18] are actually closer to those presented in this paper than t o those in the previous paper. However, the proportion of the dissipation at the jet stream level in their numericaI experiment seems t o be larger than that indicated in this study.
As mentioned in the introduction of this paper, by using data of more than one observation per day we may expect results of the regional study over the continent to be closer to those that would be obtained for an entire hemisphere. However, a simple average of the 00 and 12 GMT results may not be sufficient in this respect if the presence of the higher harmonics significantly influences the computed energy parameters. Harris, Finger, and Teweles [5] showed in their study of the atmospheric tide, that the semidiurnal variation of the observed height and wind might be as important as the diurnal variations for the portion of the atmosphere we are investigating.
The vertical distribution of the kinetic energy budget averaged for 00 and 12 GMT is shown for the winter in -. 000
_ _~
The multi-annual mean kinetic energy balance is plotted in figure 5 , except for the local change dE/dt which is entirely negligible in magnitude. As the magnitude of the vertical transport a Z / a t is very smaU, approximate balance of the generation -V . v+, horizontal outflow (l/A)$Vk a nds, and dissipation E exists. In the lower troposphere we observe approximate balance of the generation and dissipation. The significantly large horizontal outflow a t the jet stream level implies that the kinetic energy which is generated over North America and transported to the North Atlantic must be dissipated beyond the continental boundary. There is a significant variation in the magnitude of these quantities as represented by individual profiles (also see figs. 10 and 12 in this connection). However, the basic features of the profiles with two maxima in the boundary layer and at This is not only true for the examples shown in figures 8 and 9, but it is also true for most of the individual months and days in the 5-yr. period.
VERTICALLY INTEGRATED ENERGY PARAMETERS
Monthly means of the vertically integrated total energy parameters.from the surface to 100 mb., including -the kinetic energy level E, the generation -V -V+, the horizontal outflow (1/A) Vk . nds, and the dissipation E are plotted separately for 00 and 12 GMT observations for the 60 months during the 5-yr. period in figure 10 , except for unavailable 12 I GMT observations of January and September 1959, and April 1962. Figure 11 is the corresponding monthly variation of the vertically integrated energy parameters averaged for the 5-yr. period.
As shown in these figures, and also as evidenced in the vertical profiles in figures 1 and 2, the vertically integrated generation -V . V + and the dissipation E required for balance are both significantly and consistently higher at 00 GMT than at 12 GMT in the summer. This diurnalvariation is also most pronounced during the mid-summer months.
The monthly kinetic energy level E reaches a rather sharp peak during the winter, especially in January 1962 and 1963, and the generation -V VC$ and horizontal outflow (1/A) Vk . nds are correspondingly at their peak during the same period. The annual cycle of the energy parameters in terms of month-to-month variation of the plotted energy parameter ( fig. 11) seems to reflect the march of the seasons in a very pronounced way.
The year-to-year variation of the atmospheric energy is an interesting phenomenon. Krueger, Winston, and Haines [9] investigated the yearly differences of the energy level in the zonal and eddy components of the available potential and kinetic energy, and also the dserences of the conversion between zonal and eddy available potential energy for an approximately corresponding 5-yr. period, and found them very significant, particularly in winter.
The year-to-year variation of the vertically integrated total kinetic energy parameters in this study is shown in figure 12 period data sample is of limited value in discussion of the multi-annual mean values. In this specific respect the data sample should be at least the length (5 yr.) of that used in the present study. Vk . nds horizontal outflow, and E times its summer value. However, the diurnal variation of this term is not significant. During the winter 52 percent of the generated kinetic energy is advected out of North America to the North Atlantic as indicated by the I -ratio of (l/A)@ . nds to -V . V4; this becomes 34 . c percent for summer, and 46 percent on an annual basis. Those portions of the advected kinetic energy generated over the continent are assumed to be dissipated beyond the continental boundary.
With the lower and upper boundary condition of o=O at the surface and the top of the atmosphere, the vertical transport term awklap should vanish if it is integrated for the entire vertical column of the atmosphere. The integral of the computed i3x/ap from the surface to 50 mb. is negligibly small in the winter and almost vanishes in the summer. The small amount of the vertical4ransport term which remains in the winter after vertical integration may be explained by the large upward extent of the jet stream level above 50 mb. in winter. During that season some kinetic energy is transported downward from the layer above 50 mb. As discussed elsewhere in this paper, there is a significant diurnal variation of the generation -V.aQ. The higher generation at 00 GMT than at 12 GMT is especially pronounced during the summer. The ratio of the generation at 00 GMT to that at 12 GMT is 1.00:0.82 for the winter, 1.00:0.28 for the summer, and 1.00:0.59 for the annual mean.
In the previous studies (Kung [ l O , l l J ) only the 00 GMT data were employed. As a result, relatively high generation and dissipation values were obtained for the summer months in comparison with the winter months. When the 12 GMT data are used along with 00 GMT data, the average of the 00 and 12 GMT summer generation is 1.00:0.52, while that between the winter and summer dissipation is 1.00 : 0.67.
The averages of the 00 and 12 GMT Ideally for the long period on the global or hemispherical basis, the atmospheric energy cycle requires the net generation of the available potential energy, the net generation of the kinetic energy, and the dissipation of the kinetic energy to be equal. Oort [13] , by compiling various sources of observational studies (also see Krueger, Winston, and Haines [Q], Saltzman [19] , Wiin-Nielsen [21] , and Wiin-Nielsen, Brown, and Drake [22]), gave 2.3 watts/m.2 as the currently accepted value for the annual net generation of available potential and kinetic energies and for the kinetic energy dissipation. An annual dissipation of 4.12 watts/m.2, which may be an underestimate, is nearly twice the currently accepted value. Although we cannot exclude the possibility of bias produced by confining this study within the North American Continent, an underestimate in the currently accepted value is very probable. The majority of the currently available observational studies of the energy conversions are dependent on vertical motion which is calculated by the adiabatic, quasigeostrophic models using an operationally modified and smoothed geopotential field. Recently Dutton and Johnson [3] estimated the diabatic generation of the zonal available potential energy as 5.6 watts/m.2 with their exact theory. With the dksipation 4.12 watts/m.2 in this study to be taken as the net generation of available potential energy, their estimation implies the destruction of the eddy available potential energy at the rate of 1.48 watts/m.2
CONCLUDING REMARKS
By using the wind and geopotential data observed twice a day at 00 and 12 GMT over North America during a 5-yr. period, a significant and consistent diurnal variation in the computed generation and dissipation of the kinetic energy is observed. The larger generation and dissipation in the lower troposphere and a t the jet stream level at 00 GMT than at 12 GMT is especially pronounced during the summer.
With the use of the twice-a-day observations for an extended period, the regional values of the large-scale energetics may be an approximation to the hemispheric values. However, uncertainty remains because of the possible effects of semidiurnal variations and the unconfirmed radiation errors in the radiosonde observations. The previously reported (Kung [I 11) characteristics of the vertical profile of the kinetic energy balance with the 00 GMT data for the 11 months are essentially verified in this study; namely, there are maxima in the generation -V . v4 and dissipation E in the planetary boundary layer and at the jet stream level. However, the actual shape of the profiles was modified by adding the 12 GMT observations, and became closer to that predicted in the numerical experiment by. Smagorinsky, Manabe, and Holloway [18] . The year-to-year variation of the energy parameters is significant, although the diurnal variation (difference of 00 and 12 GMT values) is nearly constant from year to year.
We cannot exclude the possibility of bias caused by confining this study within a continent, even after combining 00 and 12 GMT values. The significance of undetected eddies with the current density of the observational network is an open question. However, the computation in this study, which uses actual wind data along with the geopotential gradient, is not restricted by the operationally obtained vertical velocity. With some possibility of underestimation, the multi-annual mean of the energy dissipation is 4.12 watts/m.2, which balances the local change -0.01 watts/m.2, horizontal outflow 3.37 watts/m.', the vertical transport -0.17 watts/m.2, and the generation 7.31 watts/m.2 in the kinetic energy equation. The dissipation 4.12 watts/m.2, which ideally should be equal to the long-term average of the net generations of the available potential energy and kinetic energy, is significantly higher than the currently accepted values.
